In humans, ∼50% of conceptuses are chromosomally aneuploid as a consequence of errors in meiosis, and most of these aneuploid conceptuses result in spontaneous miscarriage. Of these aneuploidy events, 70% originate during maternal meiosis, with the majority proposed to arise as a direct result of defective crossing over during meiotic recombination in prophase I. By contrast, !1%-2% of mouse germ cells exhibit prophase I-related nondisjunction events. This disparity among mammalian species is surprising, given the conservation of genes and events that regulate meiotic progression. To understand the mechanisms that might be responsible for the high error rates seen in human females, we sought to further elucidate the regulation of meiotic prophase I at the molecular cytogenetic level. Given that these events occur during embryonic development in females, samples were obtained during a defined period of gestation (17-24 weeks). Here, we demonstrate that human oocytes enter meiotic prophase I and progress through early recombination events in a similar temporal framework to mice. However, at pachynema, when chromosomes are fully paired, we find significant heterogeneity in the localization of the MutL homologs, MLH1 and MLH3, among human oocyte populations. MLH1 and MLH3 have been shown to mark late-meiotic nodules that correlate well with-and are thought to give rise to-the sites of reciprocal recombination between homologous chromosomes, which suggests a possible 10-fold variation in the processing of nascent recombination events. If such variability persists through development and into adulthood, these data would suggest that as many as 30% of human oocytes are predisposed to aneuploidy as a result of prophase I defects in MutL homolog-related events.
Introduction
Meiotic recombination ensures correct disjunction of chromosomes to provide haploid germ cells for fertilization and is dependent on both (1) the correct alignment of-and the physical connection between-homologous maternal and paternal chromosomes and (2) the appropriate reciprocal recombination between opposing homologs. Both the frequency and the placement of crossovers (chiasmata) are essential for correct segregation. Underlying these processes is the formation of the synaptonemal complex (SC), a proteinaceous structure that is the hallmark feature of meiotic prophase I. The SC consists of axial elements that align each homolog and a central element that tethers homologs together until the maturation of the chiasmata. The fact that SC formation, homolog pairing, and recombination are intricately linked is demonstrated by the observation that disruption of one event, such as SC formation, has severe consequences for the other events. For example, mice harboring mutations in the gene encoding a key SC protein, Sycp3 (MIM 604759), exhibit male sterility due to apoptotic loss of germ cells during prophase I prior to synapsis and display altered distribution of proteins involved in recombination (Yuan et al. 2000 (Yuan et al. , 2002 . Interestingly, in Sycp3 Ϫ/Ϫ females, mature oocytes can be obtained but are severely aneuploid. Thus, oocytes survive longer than spermatocytes in Sycp3 Ϫ/Ϫ mice, although the requirement for SYCP3 in chiasma formation and in the maintenance of chromosomal integrity eventually results in failure of chromosome segregation (Yuan et al. 2002) .
The molecular events regulating recombination and meiotic progression in mice have been the subject of much recent interest and investigation (reviewed by Bannister and Schimenti [2004] ). Recombination in most sexually reproducing species is instigated by an SPO11-dependent double-stranded break (DSB) (Keeney et al. 1997 ) that is processed initially by single-stranded binding proteins that include RAD51 (MIM 179617) and replication protein A (RPA [MIM 179835, MIM 179836, and MIM 179837] ). The initial product is a progenitor Hollidayjunction recombination intermediate that appears to be stabilized by the meiosis-specific MutS homologs, MSH4 and MSH5 (MIM 602105 and MIM 603382, respectively) , which form sliding clamps that embrace homologous chromosomes (Ross-Macdonald and Roeder 1994; Hollingsworth et al. 1995; Snowden et al. 2004 ). These MutS homologs are members of the DNA mismatch repair (MMR) family but do not appear to function in classic MMR processes (reviewed by Hoffmann and Borts [2004] ). Instead, the MSH4-MSH5 heterodimer is essential for reciprocal recombination events in Saccharomyces cerevisiae (Winand et al. 1998; Hoffmann and Borts 2004) , Caenorhabditis elegans (Zalevsky et al. 1999; Kelly et al. 2000) , Mus musculus (de Vries et al. 1999; Edelmann et al. 1999; Kneitz et al. 2000) , and Arabidopsis thaliana (Higgins et al. 2004) .
In mice and yeast, a fraction of the MSH4-MSH5-positive recombination intermediates are subsequently processed to form double Holliday junctions (dHJs) that are the consensus crossover structures associated with the chiasmata that ultimately ensure accurate chromosome disjunction (Allers and Lichten 2001) . The selection of these dHJ sites is effected by the accumulation of the MutL homologs, MLH1 and MLH3 (MIM 120436 and MIM 604395, respectively) , at a subset of these structures (Baker et al. 1996; Hunter and Borts 1997; Wang et al. 1999; Lipkin et al. 2002; Hoffmann et al. 2003; Hoffmann and Borts 2004) . MLH1 and MLH3 are also members of the MMR family, and they appear to function, in heterodimeric form, in both meiotic recombination and canonical repair events. MLH1-MLH3 heterodimers promote crossing over in an MSH4-MSH5-dependent manner (Wang et al. 1999; Borts et al. 2000; Abdullah et al. 2004) and are essential for normal meiotic progression in both yeast and mice (reviewed by Kolas and Cohen [2004] ). Moreover, MLH1 and MLH3 are now recognized to be molecular markers of late-meiotic (or recombination) nodules during pachynema of prophase I in mice and humans , and these nodule structures are thought to give rise to the mature crossover structures that appear at diplonema (Marcon and Moens 2003) .
Comparison of meiotic events in yeast, worms, and mice has revealed that these genes and molecular events are highly conserved (Zalevsky et al. 1999; Kolas and Cohen 2004) , which leads us to question whether the same holds true for human meiosis. Few studies have been performed in human male germ cells (Barlow and Hulten 1998; Hassold et al. 2004; Lynn et al. 2004) , and even fewer studies have been performed in human female germ cells (Tease et al. 2002; Roig et al. 2004) ; all of these studies indicate that MLH1 is present at late-meiotic nodules in human germ cells. However, these studies have not explored the dynamic progression of prophase I events in human germ cells, in part because of the limited availability of such tissue. Given the high error rate seen in human meiotic products, particularly in oocytes, we hypothesize that disruption of the molecular events surrounding recombination in female germ cells might be, in part, responsible for the high rate of nondisjunction seen in human conceptuses. Indeed, studies in the mouse, such as in Sycp3 Ϫ/Ϫ animals (Yuan et al. 2000 (Yuan et al. , 2002 , indicate that there are major differences in the efficiency of male and female meiosis, in that mutations that disrupt meiosis in males result in apoptotic elimination of spermatocytes, whereas the same mutation in females usually results in the progression of defective oocytes to meiosis II. To extend such studies to humans, the present study was aimed at exploring the temporal regulation of prophase I events in human fetal oocytes, with special emphasis on the initiation and progression of recombination. Our studies demonstrate that human fetal oocytes are extremely heterogeneous with respect to the ultimate selection of crossover events and that this variability occurs at the level of the stabilization of MSH4-MSH5-positive sites by members of the MutL-homolog family.
Material and Methods

Tissue
Human fetal ovaries were obtained from the Albert Einstein College of Medicine Human Fetal Tissue Repository, in accordance with institutional review board regulations. Fetal tissue was acquired from women (mean maternal age 24.9 ‫ע‬ 6.5 years) undergoing elective pregnancy terminations between 17 and 24 wk of gestation (mean gestational age 21.5 ‫ע‬ 1.8 wk). Pairs of ovaries were maintained in 50 ml of Dulbecco's modified Eagle medium and were obtained within 1 h of retrieval.
Meiotic Preparations
Chromosome "spreads" were prepared from human fetal oocytes by use of the drying-down technique described by Peters et al. (1997) , with modifications. Ovaries were trimmed of extraneous tissue and then rinsed with PBS (pH 7.4). Each ovary was immersed in hypotonic extraction buffer (pH 8.2) (30 mM Tris [pH 8.2], 50 mM sucrose, 17 mM trisodium citrate, 5 mM EDTA, 0.5 mM DTT, and 0.5 mM PMSF) and was placed on ice for 1 h. Each ovary was sectioned in half, and one half was stored on ice while the other was minced in 75 mL 100 mM sucrose (pH 8.2). A 6 # 8 mm well slide was dipped quickly in 1% paraformaldehyde (PFA) containing 0.15% Triton X-100 (pH 9.2). The cell slurry was returned to ice while the other ovary half was minced. The bottom righthand corner of the slide was blotted with a paper towel, leaving PFA primarily over the surface of the wells. To each well, 2 ml of the oocyte slurry were added to the upper righthand corner. The slide was tilted diagonally to allow the chromosomes to spread evenly over the well. For each ovary, four six-well slides were prepared. Slides were immediately placed in a sealed humidity chamber and were left overnight. The next morning, the slides were rinsed three times in 0.4% Photo-Flo (Kodak) for 2 min and were allowed to air-dry. Slides not used immediately were stored at Ϫ80ЊC, and the others were prepared for chromosome immunofluorescence by use of procedures described elsewhere (Lipkin et al. 2002) .
Antibodies
Polyclonal mouse and rabbit antibodies against the SC protein, SYCP3, were used to identify meiotic cells. These antibodies were generated from full-length SYCP3 His(6x)-tagged protein expressed in bacteria, were purified through a nickel column (Ni-NTA agarose [Qiagen] ), and then either were used to immunize mice in-house or were sent to Covance laboratories for generation of rabbit antibodies. Mouse and rabbit anti-phospho-histone H2AX (MIM 601772) (Ser139 [Upstate Cell Signaling Solutions]) antibodies were used to detect the presence of DSBs. Rabbit polyclonal antibody against the human RAD51 protein (Ab-1 [Oncogene]) was used to detect early meiotic nodules, which are complexes associated with the SC. Late-meiotic nodules were identified using the rabbit polyclonal antibody against RPA (a gift from Peter Moens, York University, Toronto). Affinity-purified rabbit antisera against MSH4 and MSH5 were used to identify these proteins along the SC. Monoclonal antihuman MLH1 (BD Pharmingen) and polyclonal rabbit anti-MLH3 (Lipkin et al. 2002) served to visualize crossover sites. Centromeres were identified using human serum from patients with CREST (calcinosis, Raynaud's, esophagus, sclerodactyly, telangiectasia).
Chromosome Analysis
Images were captured on an Olympus Provis microscope by use of IPLab imaging software; they were then compiled using Adobe Photoshop. Each oocyte nucleus was staged according to SC appearance, degree of synapsis, and molecular markers for prophase I. Data were tabulated and analyzed using Prism 4.0 software.
Chromosome Staging
Oocyte nuclei were staged according to the number of centromeric signals (illuminated by CREST), the degree of formation of the SC (illuminated by SYCP3), and the thickness of the synapsed homologous chromosome cores. Leptotene nuclei were identified by 46 centromeric signals, an indication that synapsis has not yet occurred.
Components of the SC were visible as a few scattered foci. Zygotene cells had between 23 and 45 centromeres. The SCs of zygotene nuclei were more distinct than those of nuclei in leptonema. Early zygotene cells had between 34 and 45 centromeres. The SCs were visible as many discrete foci throughout the nucleus. In late-zygotene cells, the SCs appeared as stringlike structures, with 24 to 33 centromeric signals. Nuclei of pachytene oocytes had 23 centromeric signals. The degree of intensity, the length, and the thickness of the synapsed chromosome cores were used to determine whether the nucleus was in early, middle, or late pachynema. Nuclei in early pachynema had SCs that were longer, more faint, and less compacted than those in mid-and late-pachynema nuclei. In mid-pachytene oocyte nuclei, SCs were shorter, brighter and denser than those in early-pachytene nuclei. Late-pachytene nuclei had the shortest, brightest, and densest SCs. Diplotene nuclei had 23 centromeric signals, but the SCs showed signs of desynapsis, looping and rejoining at sites of chiasmata.
Calculation of Interference Parameter
Distances between MLH1 intervals were computed, and a two-parameter gamma distribution was fitted to the data by use of the maximum-likelihood method. On each chromosome, the distance from the final MLH1 focus to the telomere was treated as a right-censored observation, as in the study by Broman and Weber (2000) . The shape parameter in the gamma distribution, n, measures the strength of interference, where corren p 1 sponds to no interference, corresponds to positive n 1 1 interference, and indicates negative interference. CIs n ! 1 for n were based on the profile-likelihood approach.
Results
Accumulation and Persistence of DSBs, as Assessed by Localization of Phosphorylated H2AX, in Prophase I
The presence of meiotic DSBs may be visualized with antibodies against the phosphorylated form of the core histone H2AX, known as "gH2AX," which accumulates at DSB sites early in leptonema in mouse germ cells (Mahadevaiah et al. 2001) . Although the human SPO11 gene (MIM 605114) has been cloned (Romanienko and Camerini-Otero 1999) and the appearance of gH2AX has been described in human spermatocytes , no information is available concerning the status of gH2AX in human oocytes during prophase I, nor regarding the temporal dynamics of gH2AX in human germ cells in general. Fluorescent antibodies to the SC protein, SYCP3, localize to and visually define the axial elements (AEs) of the developing SC prior to synapsis (green signal in fig. 1 ). gH2AX colocalizes with SYCP3 on human oocyte chromosomes in early leptonema as
Figure 1
Localization of gH2AX during prophase I in human fetal oocytes. A-D, gH2AX localizes to human female meiotic chromosomes during each substage of prophase I. Human oocyte chromosome "spreads" were subjected to immunofluorescent localization of SYCP3, a component of the SC (green, FITC), with gH2AX (red, TRITC) and CREST (blue, Cy5), at leptonema (A), zygonema (B), early pachynema (C), and late pachynema (D). In addition, gH2AX (red, TRITC) was colocalized with sites containing either RAD51 (E and F) or MLH1 (G and H). In panels E, F, G, and H, gH2AX (red, TRITC) is colocalized with RAD51 (green, FITC) and CREST (blue, Cy5) during leptonema (E) and zygonema (F). In panels G and H, gH2AX (red, TRITC) is colocalized with MLH1 (green, FITC) and CREST (blue, Cy5) during late zygonema (G) and pachynema (H). Scale bar p 10 mm.
the AE forms ( fig. 1A ), becoming more focal as the AEs become more clearly defined in zygonema ( fig. 1B ). This localization persists at a subset of sites, even into late pachynema ( fig. 1C and 1D) , at which time all DSB sites should have been repaired or processed further along homologous recombination pathways. In contrast, in the mouse, gH2AX localization occurs in large domains prior to synapsis at leptonema and persists through zygonema, when it associates predominantly with sites that have yet to synapse (Mahadevaiah et al. 2001) . By late zygonema, much of the gH2AX is lost from the autosomes in mouse spermatocytes and localizes predominantly in the sex body (Mahadevaiah et al. 2001 ). Thus, a major difference between DSB processing during meiosis in human females and that in male mice is the increased and persistent gH2AX signal through pachynema. These later gH2AX sites could represent new DSBs that have yet to be processed by recombination machinery, or they could be the result of some other alteration within the chromatin architecture that results from SPO11-independent damage (Hamer et al. 2003) . Alternatively, the persistent gH2AX signal could also be the result of a failure to properly dephosphorylate the histone after break repair, or it could suggest that the dynamics of H2AX phosphorylation/dephosphorylation are different in human germ cells, compared with those reported elsewhere for mouse germ cells.
DSB Processing by Single-Stranded Binding Proteins RPA and RAD51 in Human Fetal Oocytes
To examine the processing of DSB events, we employed a range of markers specific to individual events in the multistep formation of dHJs. The RecA homolog, RAD51, assembles helical nucleoprotein filaments on 3 resected DNA ends after DSB induction (Bishop 1994) and associates with AEs prior to synapsis in leptonema until late zygonema in mouse and human spermatocytes (Ashley et al. 1995; Plug et al. 1996; Barlow et al. 1997; Cohen and Pollard 2001) . In human fetal oocytes, RAD51 accumulates on AEs from early leptonema (figs. 2A and 3A), when it associates almost exclusively with gH2AX-positive regions of the genome ( fig. 1E and 1F ). More than 300 RAD51 foci remain until zygonema, similar to the frequency of gH2AX distribution along synapsing chromosome cores. Unlike mouse spermatocytes, human RAD51 remains associated with oocyte chromosomes through synapsis, with high numbers of RAD51-positive foci persisting until early pachynema ( fig. 2A and fig. 3B and 3C). By late pachynema ( fig. 3D ), the number of RAD51 foci has declined to about half of that found in leptonema. The number of residual RAD51 foci declines further by the end of pachynema, and the foci most likely represent the late gH2AX events that have either failed to be processed or that are induced later during prophase I. Interestingly, by late pachynema, the numbers of RAD51 foci and gH2AX foci are not statistically different (49.5 ‫ע‬ 19.0 and 35.6 ‫ע‬ 18.1, respectively [ ]), P p .13 which suggests that all gH2AX sites are targeted by RAD51, even at this late stage.
RPA is a heterotrimeric protein complex that consists of 14-, 32-, and 70-kDa subunits, the latter of which bind directly to single-stranded DNA to effect functions in DNA replication, repair, and recombination. During mouse meiosis, RPA associates with chromosome cores of synapsing homologs and appears to marginally overlap with the localization profile of RAD51 (Plug et al. 1998) . RAD51 disappears from AEs by early pachynema in mouse spermatocytes, whereas RPA persists and then declines steadily through this stage. In human oocytes, we observe a similar temporal localization profile (figs. 2B and 3E), with RPA foci being observed in persistently high numbers from leptonema through early pachynema. Thereafter, the number of RPA foci drops dramatically at mid-pachynema to !10% of the early-prophase I levels, and most foci are gone by late pachynema ( fig. 3F-3H ).
Appearance of MutS Homologs Define a Substage of Recombination Intermediate Selection
MSH4 and MSH5 form a heterodimer (Bocker et al. 1999 ) that is essential for meiotic recombination events in yeast (Ross-Macdonald and Roeder 1994; Hollingsworth et al. 1995) , worms (Zalevsky et al. 1999) , and mice (de Vries et al. 1999; Edelmann et al. 1999; Kneitz et al. 2000) . In yeast, the MSH4-MSH5 heterodimer has been implicated in chromosome synapsis, crossover selection, and resolution (Hollingsworth et al. 1995; Novak et al. 2001) , whereas, in mice, this heterodimer is thought to interact in early prophase I with RAD51-positive meiotic nodules (P.E.C., unpublished observations). Thus, mutation of either Msh4 or Msh5 in mice results in sterility due to synaptic failure during late zygonema (de Vries et al. 1999; Edelmann et al. 1999; Kneitz et al. 2000) . The MSH4-MSH5 heterodimer has been shown to recognize and bind to pro-HJs and dHJs in vitro (Bocker et al. 1999; Snowden et al. 2004) , forming a sliding clamp that appears to stabilize recombination intermediates and ultimately promotes crossing over. As in mouse spermatocytes, MSH4 localizes throughout the nucleus of human oocytes from leptonema (figs. 2C and 4A) but does not associate with SYCP3 until zygonema ( fig.  4B ), when both MSH4 and MSH5 localize to discrete foci at a frequency of 44%-58% of that seen for RAD51 ( fig.  2C and 2D and fig. 4A , 4B, 4E, and 4F). Their localization initially occurs on asynapsed cores and increases by late zygonema to ∼70% of RAD51 numbers, after which time they decline through late pachynema ( fig. 4C, 4D, 4G , and 4H). This localization demonstrates, for the first time, that MSH5 colocalizes on SCs with MSH4 in mammalian 
Figure 3
Localization of RAD51 and RPA during prophase I in human fetal oocytes. Human oocyte chromosome "spreads" were subjected to immunofluorescent localization of RAD51 and RPA to identify their pattern of distribution during each substage of prophase I. A-D, For each stage, RAD51 (red, TRITC) is shown with SYCP3 (green, FITC) and CREST (blue, Cy5). A, Leptonema; B, zygonema; C, early pachynema; and D, late pachynema. E-H, RPA (red, TRITC) is shown with SYCP3 (green, FITC) and CREST (blue, Cy5) during leptonema (E), zygonema (F), early pachynema (G), and late pachynema (H). Scale bar p 10 mm.
Figure 4
Localization of MSH4 and MSH5 during prophase I in human fetal oocytes. The MutS homologs, MSH4 and MSH5, are present along human female meiotic chromosomes during each substage of prophase I. A-D, During each stage, MSH4 (red, TRITC) is shown with SYCP3 (green, FITC) and CREST (blue, Cy5). A, Leptonema; B, zygonema; C, early pachynema; and D, late pachynema. MSH5 (red, TRITC) is shown with SYCP3 (green, FITC) and CREST (blue, Cy5) during leptonema (E), zygonema (F), early pachynema (G), and late pachynema (H). Scale bar p 10 mm.
germ cells at a time that would be predicted by the biochemical data (Snowden et al. 2004) and that correlates well with the murine models (Edelmann et al. 1999; Kneitz et al. 2000) .
MutL-Homolog Association with Nascent Crossovers Reveals Large Heterogeneity in the Human Oocyte Population from Early Pachynema
The MutL homologs, MLH1 and MLH3, also function as a heterodimeric complex that has been proposed to associate with the MSH4-MSH5 heterodimer (Wang et al. 1999) . In mouse spermatocytes, MLH1-MLH3 localizes to the late-meiotic nodules, the frequency of which is ∼10-fold less than that of the initiating DSB events seen in leptonema (Cohen and Pollard 2001; Lipkin et al. 2002) . Both Mlh1 Ϫ/Ϫ and Mlh3 Ϫ/Ϫ male and female mice are sterile as a result of a failure to process and/or maintain crossovers after SC breakdown, which results in premature desynapsis at or prior to metaphase (Baker et al. 1996; Woods et al. 1999; Lipkin et al. 2002) . MLH1 has also been localized to presumptive sites of crossing over in human oocytes (Tease et al. 2002) and spermatocytes (Barlow and Hulten 1998; Judis et al. 2004 ), but, in both cases, the number of samples was extremely limited, precluding the ability to investigate MLH1 localization in any statistically quantitative fashion. Here, we used 115 samples from fetuses aged between 17 and 24 wk. More than 250 cells were analyzed at all stages of prophase I and were obtained within 1 h of surgery, reducing the risk of postmortem necrosis. We find that both MLH1 ( fig. 2E and fig. 5A -5D) and MLH3 ( fig. 2F and fig. 5E -5H) localize to synapsed meiotic chromosomes earlier in humans than in mice, accumulating in early zygonema and reaching a stable plateau upon synapsis at late zygonema (MLH1 and MLH3 focus numbers 50.3 ‫ע‬ 24.7 and 41.4 ‫ע‬ 26.5, respectively). In early zygonema, 65% of MLH1 foci colocalize with gH2AX, but, by late pachynema ( fig.  1G and 1H and fig. 6 ), !7% of the total MLH1 foci that are present colocalize with gH2AX, which suggests that the majority of MLH1 is associated with repaired sites, presumably in conjunction with MSH4-MSH5.
Throughout pachynema, the number of MLH1-MLH3 foci are maintained ( fig. 2E and 2F and fig. 5C , 5D, 5G, and 5H), but the variation of MLH1-MLH3 foci numbers is extremely high ( ) between oocytes, repn p 10-107 resenting an ∼10-fold variation in focus frequency. This variability is evident at the chromosome level as frequent achiasmate chromosome arms and whole chromosomes ( fig. 5I and 5J ) and chromosome arms that are overloaded with MLH1 foci ( fig. 5K and 5L) . By contrast, the number of MLH1 foci observed in mouse oocytes at this time is 27.5 ‫ע‬ 3.7, with a range of 20-33 (M. Lenzi, N. Kolas, and P. E. Cohen, unpublished observations). Thus, for human oocytes, the SD in MLH1-MLH3 focus numbers ranges from 24.5% to 53% through pachynema, whereas the SD for mouse values is significantly lower at 13% (Bartlett test ). A similar variation is not ob-P ! .0001 served for MSH4 or MSH5 foci.
To investigate the dynamics of MLH1 variability on SCs from individual ovarian populations, we plotted the MLH1 focus counts for all oocytes, counted from individual embryos. Interestingly, as shown in figure 7 , certain embryonic pools of oocytes exhibited a variation in MLH1 focus frequency that was much more severe than that in others, whereas some embryonic oocyte populations displayed significantly lower MLH1 frequencies than all other populations (arrows in fig. 7 ).
Discussion
The present study was aimed at establishing a time frame for the molecular events leading to chiasmata formation in human fetal oocytes. We used an array of cytological markers to visualize prophase I events in a statistically relevant sample population; our results serve both to highlight the similarities in meiotic recombination between mouse and human oocytes and, at the same time, to reveal distinct differences in the timing and efficiency of these events. First, we demonstrate that gH2AX-labeled DSBs are first seen prior to synapsis in human ovaries, which indicates the initiation of recombination events prior to physical homolog association, as in the mouse. The persistent localization of gH2AX on meiotic chromosome cores until diplonema indicates either that DSB repair has not been completed at these sites or that aberrant H2AX phosphorylation has occurred during the later stages of recombination. When DSB repair is completed in a temporally correct manner, the gH2AX signal should be lost by late zygonema. This notion is consistent with our demonstration that the percentage of MLH1 foci associated with gH2AX signal is high during zygonema but decreases steadily thereafter ( fig.  6) . Thus, the excessive gH2AX sites that are devoid of MLH1 at late pachynema-which reflect 196% of the total remaining gH2AX-might be the result of spontaneous DSBs or of other types of chromosome damage, or they might reflect later SPO11-induced events that have yet to acquire MLH1. If such cells were not subject to checkpoint elimination, this would result in a metaphase I oocyte in which DSBs were still apparent and that, presumably, either would result in apoptotic removal of the oocyte through checkpoint activation or would have a severe impact on the outcome of metaphase I progression. Alternatively, as mentioned above, it is possible that the persistent gH2AX signal represents sites that have yet to be dephosphorylated, an event that remains poorly characterized for meiotic cells. One final possibility is that DSB events are not strictly limited to
Figure 5
Localization of MLH1 and MLH3 during prophase I in human fetal oocytes. The MutL homologs, MLH1 and MLH3, localize to human female meiotic chromosomes during each substage of prophase I. A-D, MLH1 (red, TRITC) is shown with SYCP3 (green, FITC) and CREST (blue, Cy5) during leptonema (A), zygonema (B), early pachynema (C), and late pachynema (D). E-H, During each stage, MLH3 (red, TRITC) is shown with SYCP3 (green, FITC) and CREST (blue, Cy5). E, Leptonema; F, zygonema; G, early pachynema; and H, late pachynema. I-L, High magnification images of pachytene chromosomes highlights extreme variability in MLH1 localization, with some chromosome arms of pachytene oocytes often having too few MLH1 foci (arrows in I and J) or too many MLH1 foci (arrows in K and L). Green, SYCP3; red, MLH1; blue, CREST. Scale bar for panels A-C and E-H p 10 mm, scale bar for panel D p 10 mm, and scale bar for panels I-K p 5 mm. Note: at leptonema, gH2AX localization is almost continuous along the developing SC, so counts at this stage do not necessarily represent single foci.
Figure 6
MLH1 interaction with gH2AX-positive sites throughout prophase I in human fetal oocytes. Colocalization of MLH1 with sites that contain gH2AX. For each stage, total MLH1 foci are shown in the left bar, which is subdivided into those MLH1 foci that are associated with gH2AX (hatched portion of bar) and those that are independent of gH2AX (unhatched portion of bar). The error bar reflects the SD for total MLH1 focus numbers. The blackened circles and dashed line represent the total percentage of MLH1 foci that are associated with gH2AX. The total number of gH2AX foci (ϩ SD) is represented by the right blackened bar for each stage. leptonema in human oocytes and instead occur in successive waves throughout prophase I. Again, the impact of such a phenomenon on oocyte viability and chiasmata maintenance is unclear.
Recent studies by Roig et al. (2004) also examined the status of H2AX in human germ cells from both males and females ( and , respectively). Our n p 1 n p 3 findings for gH2AX localization are similar to those observed by Roig et al. (2004) , showing persistent phosphorylation of H2AX and discrete focal patches of gH2AX at pachynema. Our observations, together with those of Roig et al. (2004) , demonstrate that the gH2AX signal is not lost upon synapsis, as is seen in murine spermatocytes (Mahadevaiah et al. 2001) . Furthermore, our observation that initial MLH1 foci in zygonema are associated with phospho-H2AX, whereas the residual phospho-H2AX in late pachynema is not associated with MLH1 ( fig. 1G and 1H and fig. 6 ), suggests that later regions of phospho-H2AX are not associated with reciprocal recombination events at this time. These observations also suggest that the appearance of MLH1-MLH3 on meiotic chromosome cores might trigger the dephosphorylation of H2AX at reciprocal recombination sites, since the accumulation of MLH1-MLH3 is coupled with the localized loss of gH2AX signal.
We observed high variability in MLH1-MLH3 focus frequency during pachynema, which suggests that the selection of DSBs to become crossovers is inconsistent in human oocytes. Such variations in MLH1 frequency were alluded to by Tease et al. (2002) but were constrained by the small number of oocytes observed, by the fact that only three fetal ovary samples were used, and by the problems associated with extended delays between sample ascertainment and chromosome preparation. Nevertheless, these studies also demonstrated similar temporal dynamics for MLH1 appearance during prophase I and suggested a similarly variable frequency of foci during pachynema (Tease et al. 2002) . Our present study extends the findings of the previous reports by revealing that MSH4-MSH5 focus numbers are more stable. Under the assumption that MLH1 and MLH3 are indicative of chiasmata sites, these results suggest that the crossover heterogeneity in human oocytes occurs at the level of MLH1-MLH3 targeting to MSH heterodimers, such that the MSH-MLH complex is not stabilized in a proportion of these cells. A stable MLH1 localization during pachynema in oocyte pools from individual fetal ovary samples. Each column represents oocytes from an individual fetal ovary pair (gestational age 17-24 wk). The "ALL" column represents MLH1 counts in the entire pool of ovaries. Results from unpaired t tests are given below each column. Certain oocyte pools have significantly lower MLH1 focus frequencies (arrows); n.s. p not significant. association of MLH1-MLH3 with MSH4-MSH5 has been proposed as an important prerequisite for chromosome segregation (Hollingsworth et al. 1995; Hunter and Borts 1997; Winand et al. 1998; Kneitz et al. 2000; Santucci-Darmanin et al. 2000; Novak et al. 2001; Kolas and Cohen 2004; Snowden et al. 2004) , and, therefore, the reduced ability of MLH1-MLH3 to associate with MSH4-MSH5 in certain oocytes might destabilize the complex at dHJs and, in turn, might jeopardize crossover fidelity.
Mice carrying homozygous mutations in Mlh1 or Mlh3 are sterile, as a result of a failure to maintain synapsis of chromosomes after pachynema (Baker et al. 1996; Edelmann et al. 1996; Lipkin et al. 2002) . In both male and female mice, the absence of MLH1 and/or MLH3 does not affect synapsis or progression until pachynema. In contrast, Msh4 and Msh5 homozygous mutant animals exhibit failed and/or inappropriate synapsis, which results in meiotic failure prior to pachynema in both male and female Msh4 Ϫ/Ϫ and Msh5 Ϫ/Ϫ mice (de Vries et al. 1999; Edelmann et al. 1999; Kneitz et al. 2000) . In Mlh1 Ϫ/Ϫ and Mlh3 Ϫ/Ϫ mice, on the other hand, meiocytes progress beyond pachynema, but, once the central element of the SC begins to disassemble during diplonema and homologs begin to repel each other, the crossover structures are no longer capable of keeping the chromosomes together until metaphase, which results in premature desynapsis. Despite a similar meiotic failure, however, the ultimate loss of germ cells is very different in males and females lacking these MutL homologs. In
Mlh1
Ϫ/Ϫ and Mlh3 Ϫ/Ϫ males, chromosomes desynapse almost completely, with !10% of crossovers remaining (Baker et al. 1996; Lipkin et al. 2002) , and the cells enter apoptosis prior to or at metaphase (Eaker et al. 2002) , which demonstrates that the onset of cell death is temporally distinct from the actual meiotic defect. Interestingly, the same meiotic defect in females results in a temporally distinct cellular response. In both Mlh1 Ϫ/Ϫ and Mlh3 Ϫ/Ϫ females, the chromosomes appear at prometaphase in largely univalent form and are thus unable to establish bipolar spindle attachments (Woods et al. 1999; Lipkin et al. 2002) . This results, at least in Mlh1 Ϫ/Ϫ females, in spindles that never become stabilized, with chromosomes dispersed nonuniformly throughout the spindle apparatus (Woods et al. 1999) . Oocytes from Mlh1 Ϫ/Ϫ females progress through metaphase, but the chromosomes mis-segregate between the oocyte and first polar body and, upon fertilization, fail to progress appropriately through the early cleavage stages of development (Edelmann et al. 1996; Woods et al. 1999; Lipkin et al. 2002) . Thus, in males lacking MLH1-MLH3, we observe a failure of meiosis in the pachytene to diplotene stages of prophase I, with a consequent apoptotic switch at metaphase, whereas females lacking MLH1-MLH3 escape the metaphase apoptotic "checkpoint," and the oocytes attempt to progress through metaphase I. Together, these observations demonstrate that loss of MLH1-MLH3 in females is likely to reduce recombination rates to !10% of normal (extrapolating from the known residual recombination rate in MLH1-deficient males [Baker et al. 1996] ), but without an associated checkpoint activation.
In general, the selection of reciprocal recombinant sites from the pool of DSBs follows some simple rules: at least one crossover is required per chromosome and the longer the chromosome, the more likely it is that there will be more than one crossover (van Veen and Hawley 2003) . In the present study, the intervals between MLH1 foci were fitted to a gamma model, and an interference parameter was calculated. For all MLH1 intervals, the interference parameter was 3.11 (95% CI 2.84-3.40). Since a value of 1 would imply no interference, the computed value indicates that positive interference is acting to restrict and/or regulate MLH1 targeting to nascent crossovers. A minimum of 23-46 MLH1 foci, representing 1 or 2 meiotic nodules per chromosome, would be expected to ensure proper segregation at metaphase I in human oocytes by resulting in a level of at least 1 crossover per chromosome. Clearly, a large majority of the oocytes (∼28%) observed in the present study fall below this optimal threshold, which suggests that these oocytes would be more susceptible to nondisjunction than those within the normal range.
Interestingly, oocyte populations from some ovaries display statistically lower MLH1 numbers ( fig. 7) , which suggests that recombination events are susceptible to genetic and/or environmental factors. This would suggest that some individuals might be more susceptible to aneuploidy-inducing events during embryogenesis than others. Alternatively, those oocytes that have too few (or perhaps too many) MLH1 foci might instead be eliminated during the wave of perinatal attrition that occurs in the ovary and that reduces the oocyte count from 17 million at 20 wk gestation to 1-2 million at birth (Tilly 2001) . This possibility has been difficult to evaluate because of limited tissue availability, but it leads to an intriguing speculation that the oocytes lost during the neonatal attrition period may be predestined as a result of errors during prophase I. Such a "surveillance" mechanism might substitute for the less stringent metaphase checkpoint system in female meiosis and could be mediated through the interconnected oocyte cyst structure during embryogenesis, ensuring that the healthiest oocytes in a cyst would survive and would claim all the metabolic resources from the unhealthy oocytes within the cyst (Pepling and Spradling 2001) . Such a mechanism, by reducing the oocyte pool from the outset, might also provide an explanation for human infertility issues such as premature ovarian failure.
One other possible explanation for the variable MLH1-MLH3 focus numbers is that this MutL homolog may appear later in prophase I than is possible to observe with our system. Pregnancy terminations are limited to the first 24 wk of gestation, and it is possible that many oocytes could acquire MLH1 in later stages of prophase I that cannot be seen at 24 wk. This possibility is unlikely, since many oocytes are found at later stages of pachynema and diplonema in these tissues; however, this option cannot be excluded entirely. Although our data do not favor any of these three options (later appearance of MLH1 or reduced MLH1 foci resulting in chiasmata frequency that in turn leads either to aneuploidy in postnatal oocytes or to increased risk of oocyte attrition at birth), they do support the idea that variability in MMRdriven events is responsible for producing a heterogeneous population of oocytes during the critical stages of meiotic prophase in human fetal oocytes. The fact that such variability clearly does not exist in human males or in male and female mice indicates a fundamental difference in meiotic progression in human females that correlates well with the higher incidence of aneuploidy in human oocytes.
In humans, an association has been found between aberrant recombination and the incidence of trisomic disorders (reviewed by Hassold and Hunt [2001] ). Reduced recombination rates for chromosome 21 are associated with a higher incidence of Down syndrome (Warren et al. 1987; Sherman et al. 1991 Sherman et al. , 1994 Savage et al. 1998; Brown et al. 2000) , as is altered distribution of recombination events . Similar aberrant recombination events are associated with trisomies involving chromosomes 15, 16, and 18 (reviewed by ). In addition, Broman et al. (1998) have reported significant interindividual variation in recombination frequencies among women, independent of maternal age. These observations have led investigators to suggest that a "threshold" of adequate recombination exists for each chromosome that ensures correct disjunction at the first meiotic division (Brown et al. 2000) , similar to the optimal threshold of MLH1-MLH3 foci that we have proposed in the present study. Although this relationship remains indirect, further exploration should shed light on the implications of these associations for human aneuploidy.
